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Aversion-Related Circuitry in the Cerebellum: Responses to
Noxious Heat and Unpleasant Images

Eric A. Moulton,"* Igor Elman,”* Gautam Pendse,' Jeremy Schmahmann,’ Lino Becerra,' and David Borsook!
'Pain/Analgesia Imaging Neuroscience (P.A.IN.) Group and 2Clinical Psychopathology Laboratory, McLean Hospital, Harvard Medical School, Belmont,
Massachusetts 02478, and >Ataxia Unit, Cognitive Behavioral Neurology Unit, Department of Neurology, Massachusetts General Hospital, Harvard Medical
School, Boston, Massachusetts 02114

The cerebellum is reliably activated during both acute and chronic pain conditions, but it is unclear whether the response to aversive
painful stimuli can be generalized to other aversive stimuli. We hypothesized that cerebellar activation during pain reflects higher-level
encoding of aversive stimuli. We used functional magnetic resonance imaging (fMRI) to compare cerebellar responses in 11 healthy
volunteers to noxious heat (46°C) applied to the hand and to the passive viewing of images selected from the International Affective
Picture System. Aversive stimuli in the form of noxious heat and unpleasant pictures (unpleasant vs neutral) activated overlapping areas
in the posterior cerebellum, specifically in hemispheric lobule VI, Crus I, and VIIb. Pleasant pictures (pleasant vs neutral) did not share
the same pattern of activation as observed with the aversive stimuli. Cerebellar areas that showed functional overlap with both heat pain
and unpleasant picture viewing were significantly inversely correlated with fMRI signals measured in limbic system structures, including
the anterior hypothalamus, subgenual anterior cingulate cortex, and the parahippocampal gyrus. Heat-specific functional connectivity
was detected in many regions including primary motor cortex, secondary somatosensory cortex, anterior insula, and the periaqueductal
gray. The overlap between cerebellar lobuli reactive to noxious heat and passive viewing of unpleasant images suggest that the cerebellum
may contain specific regions involved in encoding generalized aversive processing. The separate cortical networks suggest that noxious

heat-evoked responses in the cerebellum can be divided into sensorimotor and emotional networks.

Introduction

Cerebellar activity is often detected in neuroimaging studies of
pain (Moulton et al., 2010) and other studies evaluating emo-
tional processing (Fusar-Poli et al., 2009), even in the absence of
a motor task. While the role of the cerebellum in non-motor and
cognitive function has been gaining prominence (Stoodley and
Schmahmann, 2009; Strick et al., 2009), its functional relevance
during pain processing is still frequently attributed to motor pro-
cessing. Pain is a multidimensional experience that includes
sensory, affective, and cognitive components, and cerebellar ac-
tivation could relate to any combination of these constructs. In
support of this concept, prior studies have indicated that the
cerebellum is involved in generalized emotional perception
(Murphy et al., 2003; Konarski et al., 2005), including aversive
picture perception (Lane et al., 1997; Paradiso et al., 1999; Berm-
pohl et al., 2006). Together, the data show that a generalized
“aversive” response in cerebellar function may reflect an impor-
tant role in modality-nonspecific encoding of aversive stimuli.
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Thus far, no studies have directly compared cerebellar responses
to aversive thermal stimuli versus aversive pictures.

Human pain imaging studies often detect cerebellar activa-
tion, most frequently in the anterior vermis and posterior hemi-
spheres (Moulton et al., 2010). Although not every study has
commented on the significance of cerebellar activation during
pain, a common interpretation relates to motor control of with-
draw behavior (Peyron et al., 2000). Non-motor interpretations
have also been proposed, including attention (Casey et al., 1996),
rehearsal of verbal rating (Casey et al., 1996), and memory pro-
cesses related to learning (Ploghaus et al., 2000). The idea that the
cerebellar processing may be more directly related to pain and
nociceptive modulation has recently been gaining traction (Bin-
gel et al., 2002; Helmchen et al., 2003; Strigo et al., 2003; Borsook
et al., 2008; Yelle et al., 2009). These interpretations were made
primarily in the singular context of pain-related activation, and a
multimodal approach using two different aversive stimuli in the
same cohort of individuals may yield additional insight into the
functional relevance of the cerebellum during pain.

Cerebellar activation in the posterior hemispheres has also
been detected in neuroimaging studies of emotion (Fusar-Poli et
al., 2009; Stoodley and Schmahmann, 2009), particularly in stud-
ies using emotionally evocative pictures. Unpleasant and neutral
pictures, drawn from the International Affective Picture System
(IAPS), can produce differential cerebellar responses (Lane et al.,
1997; Paradiso et al., 1999; Bermpohl et al., 2006). The possibility
that pain and emotional processing may share a substrate in the
cerebellum has not yet been evaluated.
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We hypothesized that cerebellar activation during pain re-
flects higher-level encoding of aversive stimuli. To test this prop-
osition, we compared cerebellar responses to noxious contact
heat and the passive viewing of pictures from the IAPS using
functional magnetic resonance imaging (fMRI). If noxious heat
activates the same cerebellar regions as aversive pictures, this
would suggest the presence of multimodal aversion-specific cer-
ebellar circuitry.

Materials and Methods

Subjects

Eleven healthy right-handed subjects (6 males, 5 females) were recruited
by advertisement and participated in this study after providing written
informed consent to participate in this experiment. The study was ap-
proved by the McLean Hospital Institutional Review Board, and met the
scientific and ethical guidelines for human pain research of the Helsinki
Accord and the International Association for the Study of Pain. The
subjects averaged 39 * 10 years in age, and had no psychiatric history as
determined by the Structured Clinical Interview for the Diagnostic and
Statistical Manual of Mental Disorders, Text Revision (American Psychi-
atric Association, 2000). Recent drug and alcohol consumption was ruled
out by negative results on the urine toxicology screen and breathalyzer.
All subjects were right-handed as assessed with the Edinburgh Handed-
ness Inventory (Oldfield, 1971) and in good physical health as deter-
mined by the Cornell Medical Index Health Questionnaire (Seymour,
1976). Subjects’ pain free status was ascertained via the Short Form ver-
sion of the Brief Pain Inventory (Anderson et al., 2001).

Thermal stimulation

Thermal stimuli were delivered to the dorsum of the left hand usinga 3 X
3 cm contact thermode (TSA-II, Medoc Advanced Medical Systems). At
rest, the thermode maintained a steady baseline temperature of 32°C. At
a rate of 4°C/s, the probe surface was heated to 46°C, which was main-
tained for 15 s. The temperature returned to the baseline at a rate of 4°C/s
to end the stimulus event. The interstimulus interval was 30 s.

Visual stimulation

Visual stimuli consisted of 300 pictures selected from the IAPS, devel-
oped by the National Institute of Mental Health Center for Emotion and
Attention at the University of Florida (Lang et al., 2008). The IAPS fea-
tures color photographs that depict scenes with varying ability to evoke
emotional responses. The subject of these pictures can range from ab-
stract art to graphic mutilation to erotica. Pictures were sorted into
“pleasant,” “neutral,” and “unpleasant” categories based on the numeric
rating scales used to collect the normative ratings for the intensity of the
affective valence and arousal as previously reported (Lang et al., 2008).
The dimension of valence intensity ranges from unpleasant (1) to pleas-
ant (9), while arousal ranges from calm (1) to excited (9). Pleasant pic-
tures were sorted and selected from the 956 available IAPS pictures in two
steps: (1) selecting the 120 pictures with the highest normative valence
intensity scores, and (2) from this subset, selecting the 90 pictures with
the highest normative arousal scores. Unpleasant pictures were sorted
similarly: (1) selecting the 120 pictures with the lowest normative valence
scores, and (2) from this subset, selecting the 90 pictures with the highest
normative arousal scores. Neutral pictures were selected by: (1) identify-
ing pictures with normative valence scores between 4.5 and 5.5, and (2)
from this subset, selecting the 120 pictures with the highest normative
arousal scores. Visual stimuli were presented in blocks of 10 sequential
IAPS pictures for each of the three categories of images. Each Pleasant,
Unpleasant, or Neutral block was presented for 22 s, with 30 s of rest
(black fixation cross on a white background) separating blocks.

Scanning experimental paradigm

Each subject underwent a single scanning session, which included one
fMRI scan for noxious heat stimulation at 46°C (Heat-46), and three
scans for IAPS picture presentation. The fMRI scan with thermal stimuli
consisted of a 55 s baseline period followed by three stimulus cycles, as
described above. During each thermal stimulus, subjects rated pain in-
tensity and unpleasantness for each stimulus using a rating dial in their
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Figure 1.  Cerebellar responses to noxious heat and Unpleasant-Neutral pictures. The statis-
tical maps overlay the SUIT atlas (Diedrichsen, 2006), and the coordinates displayed correspond
to the standard MNI152 atlas. For coronal and axial images, the left cerebellar hemisphere
corresponds with the right side of the image. Activation and deactivation maps were thresh-
olded at a posterior probability of p > 0.5 using GMM. Statistical maps have been spatially
smoothed using a median filter for display purposes. Z-map histograms show the positive (red)
and negative (blue) distributions relative to the null distribution (white) identified by Gaussian
mixture modeling of the z-statistic histograms (yellow) for each activation map. The colored
numbers indicate the z-statistic thresholds determined by differentiation of positive and neg-
ative distributions from the null. A negative distribution could not be statistically differentiated
from the null distribution for the Unpleasant-Neutral condition.

right hand to manipulate an online visual analog scale (VAS) presented
using the software package LabVIEW 5.1 (National Instruments Corp.).
Thus, subjects made their ratings using the hand opposite to the hand
being stimulated, so as to potentially segregate activity due to sensory
versus motor events. The VAS for pain intensity was scaled from “No
Pain” (0) to “Max Pain” (10), and unpleasantness was scaled from “Min”
(0) to “Max” (10). Pain ratings for two subjects were lost due to a tech-
nical error. Each of the three fMRI scans with IAPS pictures consisted of
a 62 s baseline followed by 10 visual stimulation blocks presented in
pseudorandom order: three blocks of Pleasant pictures, three blocks of
Unpleasant pictures, and four blocks of Neutral pictures. A subject was
never presented with the same picture more than once. After the com-
pletion of each IAPS fMRI scan, using the same scale as used in the
generation of the normative IAPS ratings (1-9, as described above), sub-
jects made two verbal ratings of valence: the average valence experienced
for the (1) Pleasant and (2) Unpleasant blocks.
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Table 1. Cerebellar responses to noxious heat
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MNI(Z;a)
Cluster Max ROI X y z Max z-stat Vol (cm?) Composition
46°C— Positive (z > 1.73)
Cerebellum
1 LVlia —18 —68 =55 2.83 239 47% L ViIb; 39% L Vllla; 8% L Vilb; 7% L Crll
2 LvI -29 —52 =30 2.54 0.79 96% LVI;3% L Crl
3 LV —16 —53 -23 245 0.62 42%1LV;34%LVI
4 LCrl —25 —68 —35 244 1.08 56% L Crl; 23% LVI; 1% L Crll
5 LG —34 —56 -33 234 0.80 64% L Crl; 16% L VI
6 RVI 34 —50 —35 2.24 0.35 33%RVI; 28%R Crl
7 LVilla —27 —54 =52 2.15 0.46 97% L Vllla; 2% L VIlb
8 LCrll -4 —56 —46 2.03 0.35 71% L Crll; 24% L Vilb
Brainstem
1 Mid 5 —24 3 2.00 0.41
46°C—Negative (z << —0.73)
Cerebellum
1 RVI 30 —47 —-23 —1.93 4.62 40%RV; 28% R VI; 20% R I-IV
2 RIX 7 —50 —46 —1.57 0.37 88% R IX
3 Lvi —-20 —58 =15 —1.41 0.69 67%LVI;5% LV

Thresholds were determined using Gaussian mixture modeling (Pendse et al., 2009). Cerebellar regions were identified using the SUIT probabilistic atlas of the human cerebellum (Diedrichsen et al., 2009). Minimum 7 voxels in acquired space

(0.30 cm3). L, Left; R, right; Crl, Crus I; Crll, Crus II; Mid, midbrain.

Table 2. Differential cerebellar responses to unpleasant and neutral images by contrast analysis: IAPS, Unpls > Neu (z > 1.05)

MNI(Za)
Cluster Max ROI X y z Max z-stat Vol (cm?) Composition
Cerebellum
1 RVI 39 =51 —26 2.79 3.61 48% R VI; 45% R Crl
2 VIX 1 —57 —38 2.19 12.80 25% L Crll; 14% L Crl; 12% L VIIb;
6% Vermis VI; 5% V IX; 5%L IX;
4% L VI; 4% R IX; 4% Vermis Vllla;
4% R (rl; 3% R VI; 3% Vermis Crll;
2% Vermis Villb
3 LCrl —34 —66 -29 1.67 0.60 86% L Crl; 13% L VI
4 Ll —36 =55 =31 1.64 0.92 64% LVI;36% L Crl
5 LCrl —38 —80 -29 1.59 0.44 93% L Crl
6 RVIilb 17 —61 —56 141 0.41 56% R VlIb; 44% R Vllla
Brainstem
1 Mid 2 —28 —4 1.75 0.53
-2 —18 —4 1.56 1.33
7 —30 —13 1.55 0.39
—10 —28 —12 153 0.41
D Med =5 —36 =31 153 0.46

Thresholds were determined using Gaussian mixture modeling (Pendse et al., 2009). Cerebellar regions were identified using the SUIT probabilistic atlas of the human cerebellum (Diedrichsen et al., 2009). Minimum 7 voxels in acquired space

(0.30cm ). L, Left; R, right; Crl, Crus I; Cell, Crus II; D Med, dorsal medulla; Mid, midbrain.

Image acquisition and analysis

Image acquisition. Subjects were scanned in a 3T Siemens Trio MRI scan-
ner using a circularly polarized head coil. Anatomical images were ac-
quired using a magnetization prepared rapid gradient echo sequence
[128 slices 1.33 mm thick, with an in-plane resolution of 1 mm (256 X
256)]. Functional scans were collected using an echo planar imaging
sequence (echo time/repetition time (TE/TR) = 30/2500 ms for 46°C,
TE/TR = 30/3000 ms for IAPS). Different repetition times were chosen
to optimize the acquisition to the timing of the stimulus presentations.
Both 46°C and IAPS functional scans consisted of 41 slices, with 3.5 mm
isometric resolution, with the acquisition coronally oriented to the
match the brainstem axis and included the cerebellum. Eighty-four vol-
umes were captured for the 46°C fMRI scans (3:30), and 199 volumes
were captured for the IAPS fMRI scans (9:57).

Individual subject-level image processing. Functional image datasets
were processed and analyzed with FSL 4.1.5 (FMRIB’s Software Library,
www.fmrib.ox.ac.uk/fs]) (Smith et al., 2004). Visual screening of the
functional volumes revealed that none of the subjects showed indications

of gross movement (>1 voxel). The initial two volumes were removed
from each of the functional scans to allow for signal equilibration. The
skull and other non-brain areas were extracted from the anatomical and
functional scans using FSL’s script brain extraction tool (BET). Motion
Correction using FMRIB’s Linear Image Registration Tool (MCFLIRT)
was performed on each functional scan. All volumes were mean-based
intensity normalized by the same factor. A 75 s high-pass temporal filter
was applied for Heat-46 fMRI scans, while a 394 s high-pass filter was
applied for IAPS fMRI scans.

First-level fMRI analysis of single-subject data was performed with
FMRI Expert Analysis Tool (FEAT) using FMRIB’s Improved Linear
Model (FILM) Version 5.98 with local autocorrelation correction
(Woolrich et al., 2001). For the Heat-46 scans, the temperature profiles
recorded during scanning were rescaled from 0 to 1 and entered as ex-
planatory variables (EVs), as were their temporal derivatives. For the
IAPS scans, three sets of EVs were generated based on boxcar functions
that corresponded with the visual presentation of the Pleasant, Unpleas-
ant, and Neutral stimulus blocks, as well as their temporal derivatives. All
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EVs were convolved with a gamma function incorporatinga 3 s SD and a
6 s hemodynamic lag. For the IAPS scans, two contrasts were run: (1)
Unpleasant-Neutral (IAPS;\prs.ngup)s and (2) Pleasant-Neutral
(TAPSp s ngup)- An additional fixed effects analysis for the three IAPS
scans for each subject was run with FEAT, such that each subject had an
average IAPS nprs npuj contrast and TAPSp; g \gyj contrast. The re-
sulting individual subject-level statistical maps from all FEAT analyses
were coregistered with the subjects’ anatomical images with FMRIB’s
Linear Image Registration Tool (FLIRT).

Group-level cerebellar image analysis. For group analysis, individual sub-
ject statistics in the cerebellum were registered to the Spatially Unbiased
Infraorbital Template (SUIT Version 2.4) (Diedrichsen, 2006; Diedrichsen
et al.,, 2009) using the suit-toolbox (www.icn.ucl.ac.uk/motorcontrol/imag-
ing/suit.htm) in SPM8 (www.fil.ion.ucl.ac.uk/spm). Unlike standard whole-
brain atlases, the SUIT atlas preserves the anatomical detail of the cerebellum
and provides more accurate intersubject alignment (Diedrichsen, 2006). The
cerebellum and brainstem in the anatomical scans for each subject were
first isolated, and then spatially normalized to the SUIT atlas with non-
linear deformation as implemented in SPM8 (Ashburner and Friston,
1999). The nonlinear deformation maps generated were used to register
individual subject-level statistical maps in anatomical space to the SUIT
atlas. Statistical maps in SUIT-space were spatially smoothed with a 3.5
mm full-width at half-maximum filter. With the SUIT template serving
as the standard coordinate-space, group activation maps for Heat-46,
IAPS;ynprs neup and TAPSprg gy were generated by FEAT using
fMRIB’s Local Analysis of Mixed Effects (FLAME).

Statistical thresholding. All group-level statistical maps were subjected
to alternative hypothesis testing using Gaussian mixture modeling
(GMM), to identify categories of activated and deactivated voxels
(Pendse et al., 2009). GMM is a standard technique generally used for
unsupervised classification of data into multiple categories, and is not
encumbered by the problem of multiple comparisons. The distribution
of z-statistic values was not centered at zero. Hence, instead of basing
inference on a fixed parametric form of the null distribution, GMM was
used to adaptively estimate a null distribution from the data to account
for unmodeled signal due to physiological noise. Since any distribution
can be represented by using a mixture of a sufficient number of
Gaussians, separate Gaussian distributions for “activation” and “de-
activation” could be identified from each group-level statistical map.
All resulting activation and deactivation maps were thresholded at a
posterior probability of p > 0.5, which corresponds to different
z-statistic values for different datasets. Hence, we did not threshold by
rejecting the “null” hypothesis, but instead by “accepting” the alter-
native hypothesis of activation.

Functional connectivity. Functional connectivity analysis for Heat-46 was
performed by whole-brain correlation of the average time course extracted
from one of two functionally defined networks. Here, functional connectiv-
ity reflects temporally correlated neural activity between functionally defined
cerebellar networks and spatially remote brain areas. Functional connectiv-
ity analysis is fundamentally correlative, and does not necessarily indicate
physical connections between structures. Heat-46 activation was spatially
divided into: (1) areas exclusively activated by heat (Heat Specific); and (2)
areas activated by heat and the contrast between unpleasant and neutral
pictures (Heat+IAPS;xpy s g Overlap). This division was performed to
determine whether heat-related activation in the cerebellum (Heat-46)
could be segregated into different functional networks based on overlap-
ping processing of aversive stimuli by a separate modality (vision). These
functional networks were transformed from SUIT-space into each sub-
ject’s native functional space for the Heat-46 scan, and the average Heat-46
time courses for “Heat-specific” and “Heat+IAPS;nprs.npu; Overlap”
were calculated for each subject. The preprocessing steps for each subject’s
functional images were identical to that described above, but with a 5 mm
full-width at half-maximum Gaussian filter applied for spatial smoothing of
the functional time series, and FLIRT was used to register all subjects’ brains
into the MNI152 standard brain atlas. The extracted average time courses for
Heat-specific and Heat+IAPS;;ypr s ngu) Overlap were smoothed with
a Gaussian kernel whose kernel width was chosen automatically via
leave-one-out cross validation. This smoothing was performed to pre-
vent correlations with noise in the raw average time course. GLM analy-
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Figure 2. Spatial overlap (blue) of cerebellar responses to noxious heat (red) and
Unpleasant-Neutral pictures (yellow) in hemispheric lobules VI, Vilb, and Crus . The cerebellar
lobules on the left are color-coded based on the probabilistic MR atlas of the cerebellum
(Diedrichsen et al., 2009). The coordinates displayed correspond to the standard MNI152 atlas.
For coronal and axial images, the left cerebellar hemisphere corresponds with the right side of
the image. Statistical maps have been spatially smoothed using a median filter for display
purposes. Crl, Crus I; Crll, Crus II.

ses were performed using these averaged and smoothed time courses as
the regressors using FEAT FILM. The temporal derivative of the time
course was not included as an explanatory variable. The results were
spatially normalized to MNI152 space, and group analyses were per-
formed with FEAT FLAME to generate separate seed-based GLM maps
for Heat-specific and Heat+IAPS;\prs npu) Overlap. The functional
connectivity group analyses results were thresholded as described for the
group activation maps.

Results

Noxious thermal stimuli

Subjects showed cerebellar activation in response to 46°C stimu-
lation applied to the left hand, which was perceived as painful.
Online VAS reports during fMRI scanning indicated that the
average pain intensity evoked by 46°C was 6.1 £ 2.5 (SD), while
the average unpleasantness was 2.7 = 2.0 (SD). Significant cere-
bellar activation was detected predominantly in the left cerebellar
hemisphere, with the composition of the largest clusters in lob-
ules VI, Crus I, and VIIb (Fig. 1; Table 1).

Unpleasant pictures

Differential cerebellar responses were found in the IAPS;xpr s nEU|
contrast. The postscan reports indicated that the average affective
valence for the unpleasant pictures was 2.4 = 1.1 (SD). The unpleas-
ant pictures produced significantly increased activation relative to
neutral pictures bilaterally in cerebellar hemispheric lobule VI and
Crus [, and in left hemispheric lobules Crus IT and VIIb (Fig. 1; Table
2). Spatial overlap of statistical maps for 46°C and IAPS;xprs nEUps
also referred to as Heat+IAPSynprs npuy Overlap, was detected in
the left cerebellar hemispheric lobules VI, Crus I, and VIIb (Fig. 2).
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Heat-specific (red) and overlap (blue) cerebellar responses show differential functional connectivity with the rest of the brain. The line graphs show the mean regressor (= 5D) used

across subjects as extracted from areas identified as heat specific or overlapping (Fig. 2). Normalized signal change was determined using mean-based intensity-normalization of functional time
courses for each voxel. The functional connectivity map for the heat-specific areas is depicted in magenta, while the connectivity map for overlap is shown in green. The connectivity maps overlay
the standard MNI152 whole-brain atlas. For coronal and axial images, the left cerebral hemisphere corresponds with the right side of the image. Functional connectivity maps were thresholded at
a posterior probability of p > 0.5 using GMM. Statistical maps have been spatially smoothed using a median filter for display purposes. alNS, Anterior insula; ACC, anterior cingulate cortex; DLPFC,
dorsolateral prefrontal cortex; Hypothal, hypothalamus; IFG, inferior frontal gyrus; PAG, periaqueductal gray, PHG, parahippocampal gyrus; S2, secondary somatosensory cortex; sACC, subgenual

anterior cingulate cortex.

Overlap was also detected in the midbrain (0.25 cm®), roughly in the
location of the right substantia nigra (9, —13, —1).

Heat-specific and Heat+IAPS yxprs gy Overlap:

functional connectivity

Heat-specific and Heat+IAPS np1s gy Overlap areas in the
cerebellum showed different patterns of functional connectiv-
ity with the rest of the brain (Fig. 3; Table 3). Heat-specific
areas were significantly correlated with brain areas including
primary motor cortex, anterior insula, anterior cingulate cor-
tex, secondary somatosensory cortex, medial thalamus, dorso-
lateral prefrontal cortex, putamen, and the periaqueductal
gray. Heat+IAPS nprs npuy Overlap areas were significantly
inversely correlated with the anterior part of the hypothala-
mus, subgenual anterior cingulate, and the parahippocampal

gyrus.

Pleasant pictures

The IAPSp; s npy; contrast also revealed differential cerebellar
responses. The postscan reports indicated that the average affec-
tive valence for the pleasant pictures was 7.2 = 1.0 (SD). Signifi-
cantly increased activation to pleasant versus neutral pictures was
detected primarily in right cerebellar hemispheric lobules VI and
Crus II (Table 4), and showed minimal spatial overlap with the
areas detected with the IAPS;xprs nguy contrast (Fig. 4). Pleas-

ant pictures showed decreased activity relative to neutral pictures
bilaterally in hemispheric lobule VI.

Discussion

Aversive stimuli in the form of noxious heat and unpleasant pic-
tures activated overlapping areas in the posterior cerebellum,
specifically in hemispheric lobules VI, Crus I, and VIIb. Areas
that showed spatial overlap with both heat pain and unpleasant
picture viewing were significantly inversely correlated with cere-
brallimbic areas related to emotion, including the hypothalamus,
subgenual ACC, and the parahippocampal gyrus. These inverse
correlations suggest that activation in the posterior cerebellum is
associated with decreased activation in a limbic network for emo-
tional processing. Heat-specific functional connectivity was de-
tected in many pain-related and sensorimotor structures,
including M1, S2, anterior insula, and the periaqueductal gray,
supporting an interaction of brain systems involved in noxious
thermosensory and motor processing. Specifically, the separate
cortical networks suggest that noxious heat-evoked responses in
the cerebellum can be divided into sensorimotor and emotional
networks (Fig. 5). We also observed an apparent distinction in
the spatial localization of unpleasant and pleasant pictures. Iden-
tification of an aversive emotional network that includes the cer-
ebellum has potential ramifications for our understanding of
multimodal associative learning.
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Table 3. Cerebral functional connectivity of cerebellar regions that were heat specific, and those that had overlapping responses to noxious heat and the unpleasant-
neutral picture contrast

MNI(Za)
Brain region Side X y z z-stat Vol (cm )
Heat specific—positive correlations (z > 4.17)°
Cingulum
ACC M 2 6 40 5.64 21.85
PCC M 2 —18 44 5.24 2.50
M 0 —14 40 5.24 1.07
Insula
Anterior R 58 14 2 5.56 6.00
R 56 14 -2 5.38 0.73
Frontal
Frontal pole L —32 54 22 5.51 16.19
R 32 52 22 533 21.04
M1 R 40 —20 52 5.47 7.48
R 30 —10 52 5.40 6.06
SFG R 16 0 62 5.36 1.76
R 14 4 62 528 1.50
Subcortical
Thalamus R 14 —24 10 5.46 0.62
L —10 —20 2 535 1.70
L —14 —18 6 5.31 2.18
R 16 —20 12 531 0.36
Putamen R 24 10 -2 5.29 11.26
PAG B 10 —32 —6 5.24 9.77
Parietal
S2 L —60 —30 16 531 29.86
SMG R 52 —36 46 531 7.12
R 56 —24 40 527 2.82
R 60 —30 32 525 10.85
Occipital
Lateral R 34 —62 48 5.26 9.13
Overlap—negative correlations (z << —1 69)°
Cingulum
sACC M 0 26 —4 —3.88 0.31
M -2 26 -8 —3.57 0.30
Subcortical
Hypothalamus M 2 16 —14 —3.53 2.63
M -2 20 —6 —3.19 0.32
Temporal
PHG R 18 —6 —24 —3.53 0.60
L —-12 —4 —28 —3.01 0.23
R 18 4 —30 —3.07 0.34
P L —46 22 —-22 —3.03 0.37
Parietal
S1 L —64 =10 30 —2.83 0.31

Note: Thresholds were determined using Gaussian Mixture Modeling (Pendse et al., 2009). Minimum 7 voxels in acquired space (0.30 cm>). L, Left; R, right; M, midline; ACC, anterior cingulate cortex; M1, primary motor cortex; PAG,
periaqueductal gray; PCC, posterior cingulate cortex; PHG, parahippocampal gyrus; $1, primary somatosensory cortex; S2, secondary somatosensory cortex; sACC, subgenual anterior cingulate; SFG, superior frontal gyrus; SMG, supramarginal
gyrus; TP, temporal pole.

“Max z-stat.
OMin z-stat.

Table 4. Differential cerebellar responses to pleasant and neutral images

MNI (Z;a)
Cluster Max ROI X y z Max z-stat Vol (mm?3) Composition
Contrast analysis—IAPS: Pls>>Neu (z > 1.24)
1 RVI 34 -4 —37 1.76 0.33 81% RVI; 7% R Crl; 5% RV
2 RCr 47 —65 —44 1.61 0.30 66% R Crll; 31% R Crl
Contrast analysis—IAPS: Pls<<Neu (z > 0.95)
1 RVI 28 —68 =22 2712 1.48 81% RVI; 10% R Crl
2 LCr —30 =79 —25 2.71 6.96 57% LVI; 28% L Crl; 4% LV
3 RVI 33 —60 —24 2.58 2.55 70%RVI; 15%RV; 4% R Crl
4 RVI 12 =77 =21 2.50 1.58 64% R VI; 25% R Crl; 5% Vermis VI
5 RCrl 24 —76 —24 2.50 0.55 51% R Crl; 44% R VI
6 RCr 34 —75 —25 2.27 0.66 96% R Crl; 1%RVI

Thresholds were determined using Gaussian mixture modeling (Pendse et al., 2009). Cerebellar regions were identified using the SUIT probabilistic atlas of the human cerebellum (Diedrichsen etal., 2009). Minimum 7 voxels in acquired space
(300 mm ). L, Left; R, right; Crl, Crus |; Crll, Crus II.
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Figure4. Cerebellarresponses to Pleasant-Neutral pictures spatially differ from responses to
Unpleasant-Neutral pictures. Yellow circles highlight the location of clusters of significantly
increased activation with Pleasant-Neutral pictures. The statistical maps overlay the SUIT atlas,
and the coordinates displayed correspond to the standard MNI152 atlas. For coronal and axial
images, the left cerebellar hemisphere corresponds with the right side of the image. Activation
and deactivation maps were thresholded at a posterior probability of p > 0.5 using GMM.
Statistical maps have been spatially smoothed using a median filter for display purposes. Z-map
histograms show the positive (red) and negative (blue) distributions relative to the null distri-
bution (white) identified by Gaussian mixture modeling of the z-statistic histograms (yellow)
for Pleasant-Neutral and Unpleasant-Neutral contrasts. The colored numbers indicate the
Zz-statistic thresholds determined by differentiation of positive and negative distributions from
the null. Crl, Crus I; Crll, Crus 1.

A meta-analysis based on activation likelihood estimates of
neuroimaging studies indicates that lobule VI, Crus I, and VIIb
may relate to processing of emotion and executive functions
(Stoodley and Schmahmann, 2009). The emotion condition as
defined in the meta-analysis is similar to our IAPS task, as eight of
the nine included studies used pictures to evoke emotion, includ-
ing six that used IAPS. Within-subject analyses indicate that these
cerebellar areas activate with noxious heat similarly to that ob-
served with passive viewing of unpleasant IAPS pictures. The
precise topography of cerebellar activation across different do-
mains of executive function still remains to be shown.

We propose the existence of a corticocerebellar network relat-
ing to aversive stimuli, as cerebellar areas commonly activated by
noxious heat and unpleasant pictures showed functional connec-
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tivity with brain structures that are associated with emotional
processing, specifically the subgenual ACC, hypothalamus, and
parahippocampal gyrus (Papez, 1937; Reiman et al., 1997). The
contrast between pleasant and neutral pictures did not signifi-
cantly affect the same cerebellar areas as observed with the aver-
sive stimuli, suggesting that their participation in this emotional
network is preferential to negatively valenced stimuli. The pro-
cessing of negative affect has previously been related to each of
these limbic structures: sadness is associated with subgenual ACC
(Mayberg et al., 1999; Vogt, 2005) and hypothalamic activation
(Karlsson et al., 2010); and parahippocampal gyrus activation is
associated with the amplification of pain by anxiety (Ploghaus et
al., 2001). The link between the cerebellum and the limbic system
suggests a functional pathway for the cerebellum’s role in emo-
tional processing (Heath, 1977; Schmahmann, 1991; Murphy et
al., 2003; Konarski et al., 2005; Fusar-Poli et al., 2009).

The hypothalamus, subgenual ACC, and hippocampus, the
areas inversely correlated with this cerebellar aversion network,
show similar disengagement with descending modulatory sys-
tems during “circa-strike” defensive contexts associated with
predatory attack in humans (Mobbs et al., 2009). Aversive-
related areas in the cerebellum may be related to circa-strike de-
creases observed in the cortex, and may reflect a disengagement
process during aversive stimuli. Drawing from classical animal
literature, electrophysiological recordings in the cat suggest that
direct electrical stimulation of the cerebellum has a similarly sup-
pressive effect on structures within the Circuit of Papez (Snider
and Maiti, 1976). We propose that the inverse correlations we
observed between the cerebellum and the limbic system represent
cerebellar modulation in the processing of negative affect. Per-
haps the cerebellar aversive-related responses are part of a defen-
sive fear system, which are often studied in the context of classical
conditioning models.

In classical conditioning, the cerebellum plays a key role in the
acquisition of both motor and non-motor unconditioned re-
sponses (Lincoln et al., 1982; Bellebaum and Daum, 2011). In
patients with cerebellar dysfunction, eyeblink classical condition-
ing is often impaired (Daum et al., 1993; Topka et al., 1993;
Gerwig et al., 2003, 2007). The most commonly afflicted cerebel-
lar areas in patients with deficiencies in associative learning are
hemispheric lobule VIand Crus Iipsilateral to the lesion (Gerwig
etal., 2003). Though not as thoroughly examined as the eyeblink
motor-learning model, the cerebellum is also important in mul-
timodal associative learning (Drepper et al., 1999; Timmann et
al., 2010) and has also been suggested to occur in hemispheric
lobule VI (Bellebaum and Daum, 2011). Note that both lobule VI
and Crus I were active during noxious heat, and showed in-
creased activation in the unpleasant versus neutral pictures con-
trast. This suggests that the cerebellum may similarly process heat
pain and unpleasant pictures as aversive stimuli in the context of
associative learning. This is also suggested by the functional con-
nectivity that these areas share with the subgenual ACC and the
hippocampal complex, which are both associated with condi-
tioning (Biichel et al., 1999; Phelps et al., 2004). The concept of a
generalized aversive encoding of pain in the cerebellum may ex-
plain similar cerebellar activation in studies of pain anticipation
(Ploghaus et al., 1999) as well as pain empathy (Singer et al.,
2004), as these phenomena are both aversive experiences without
physical stimuli.

A growing body of literature supports a cognitive and/or emo-
tional role for the cerebellum in addition to its classical role in
motor processing (Strick et al., 2009; Wolf et al., 2009; Murdoch,
2010; Schmahmann, 2010; Timmann and Daum, 2010). Neuro-
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anatomically, the cerebellum is intercon-
nected with the limbic system, along with
the frontal and parietal associative areas
(Middleton and Strick, 1994; Schmah-
mann and Pandya, 1997; Kelly and Strick,
2003). At the neurochemical level, cere-
bellar function is directly regulated by do-
pamine, serotonin, and norepinephrine
(Dieudonné, 2001; Schweighofer et al.,
2004; Giompres and Delis, 2005), the
most extensively investigated neurotrans-
mitters in the literature on reward moti-
vation and emotions (Charney, 2004).
From a clinical perspective, in addition to
the high prevalence of thought disorders
and negative affect states in patients with
cerebellar lesions (Schmahmann and
Sherman, 1998; Wolfetal., 2009), patients
with mood, anxiety, psychotic, and atten-
tion deficit disorders consistently display prominent cerebellar
dysfunctions (Andreasen et al., 1998; Brambilla et al., 2002; Roth
and Saykin, 2004; Liu et al., 2010; Nakao et al., 2011). Our study
suggests that investigations of emotional processing in the cere-
bellum are not limited to inferences made in clinical populations,
but can also be studied in healthy human subjects.

VI

‘Aversion”

Vision
(IAPS)

Figure 5.

Caveats
An alternative explanation for lobule VI and Crus I activation
may relate to the processing of visual selective attention. A previ-
ous neuroimaging study dissociated motor- versus attention-
related activation in the cerebellum (Allen et al., 1997), with
attention activating the posterior part of the quadrangular (lob-
ule VI) and the superior part of the semilunar lobule (CrusI). The
authors suggested that attention-related activation relates to the
acquisition of new sensory information and linking it with an
appropriate anticipatory operation, whether cognitive or motor.
Although those authors had interpreted activation during atten-
tion as a learning-related operation, the possibility that these cer-
ebellar areas could reflect attention should be considered in the
context of our results. We make the case that in our experiment,
lobule VI and Crus I activation do not reflect attention because:
(1) attention was controlled to some degree in the “unpleasant
versus neutral” contrast; and (2) the “pleasant versus neutral”
contrast did not show the same differential activation as unpleas-
ant versus neutral in these areas, whereas an attentional process
might be presumed to act similarly regardless of stimulus valence.
Several additional caveats should be considered in light of
these findings. Though noxious heat and unpleasant pictures ac-
tivate similar cerebellar areas, these stimuli may evoke shared
processes aside from aversion. These could include visceromotor
reflexes, inner speech, and involuntary facial expressions. Fur-
thermore, prolonged exposure to unpleasant IAPS pictures can
induce a short-term mood state, characterized by enhanced star-
tle reactions and frowning (Smith et al., 2005). Additional exper-
iments will be necessary to explore the contributions of these
possible influences, as well as the likelihood that this putative
cerebellar aversion-circuitry responds to additional sensory mo-
dalities (Small et al., 2003).

Conclusions

This study suggests the existence of a corticocerebellar aversive net-
work that includes the posterior cerebellar hemispheres, parahip-
pocampal gyrus, and basal forebrain structures. These findings hold
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Functional
Connectivity

Schematic model of the putative heat-specific and aversion cerebellar-cortical networks. Multimodal aversive re-
sponses to sensory and visual stimuli were evoked in the cerebellum. With noxious heat, responses were divided into heat-specific
(red) and aversive cerebellar networks (blue), based on the spatial overlap with the contrast of unpleasant versus neutral pictures
(yellow). Functional connectivity analysis in the noxious heat scan revealed that these aversive cerebellar networks were nega-
tively correlated with areas previously related to emotional processing (green). Crl, Crus |; Hypothal, hypothalamus; PHG, parahip-
pocampal gyrus; SACC, subgenual anterior cingulate cortex.

mechanistic implications for patients suffering from strokes local-
ized to the posterior cerebellum (Schmahmann and Sherman, 1998;
Exner et al., 2004) or who have their cerebellum lesioned at an early
age (Levisohn et al., 2000; Riva and Giorgi, 2000). The cerebellum’s
role as modulator of limbic systems indicates that it may restrain
sensitivity to stressful/aversive events, and may be a marker for vul-
nerability to the development of stress-related disorders. This study
provides a new perspective toward the role of the cerebellum during
pain processing as it relates to aversion, and adds to the growing
evidence of cerebellar participation in non-motor processes.
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